The contractile vacuole complex (CVC) of Trypanosoma cruzi, the etiologic agent of Chagas disease, collects and expels excess water as a mechanism of regulatory volume decrease after hyposmotic stress; it also has a role in cell shrinking after hyperosmotic stress. Here, we report that, in addition to its role in osmoregulation, the CVC of T. cruzi has a role in the biogenesis of acidocalcisomes. Expression of dominant-negative mutants of the CVC-located small GTPase Rab32 (TcCLB.506289.80) results in lower numbers of lesselectron-dense acidocalcisomes, lower content of polyphosphate, lower capacity for acidocalcisome acidification and Ca 2+ uptake that is driven by the vacuolar proton pyrophosphatase and the Ca 2+ -ATPase, respectively, as well as less-infective parasites, revealing the role of this organelle in parasite infectivity. By using fluorescence, electron microscopy and electron tomography analyses, we provide further evidence of the active contact of acidocalcisomes with the CVC, indicating an active exchange of proteins between the two organelles.
INTRODUCTION
Trypanosoma cruzi (Clark, 1959) , the etiologic agent of Chagas disease, together with Leishmania spp. (Figarella et al., 2007) and a number of monogenetic trypanosomes (Baqui et al., 2000; Linder and Staehelin, 1979) , possess a contractile vacuole complex (CVC) involved in osmoregulation. In T. cruzi, the CVC has been shown to be important for regulatory volume decrease (RVD) after hyposmotic stress and for shrinking of the cells when subjected to hyperosmotic stress . In addition, we have recently reported a role for the CVC in trafficking glycosylphosphatidylinositol (GPI)-anchored proteins to the plasma membrane (Niyogi et al., 2014) . Previous studies in T. cruzi (Hasne et al., 2010) and Dictyostelium discoideum (Heuser et al., 1993; Moniakis et al., 1999; Sesaki et al., 1997; Sriskanthadevan et al., 2009) suggest that some soluble (Sesaki et al., 1997; Sriskanthadevan et al., 2009 ) and membrane (Hasne et al., 2010; Heuser et al., 1993; Moniakis et al., 1999) proteins can also be transported through the CVC to the plasma membrane. The presence of Rab11, a small GTPase that localizes in recycling endosomes in most cells -including Trypanosoma brucei (Jeffries et al., 2001 ) -and in the CVC of T. cruzi (Ulrich et al., 2011) and D. discoideum (Harris et al., 2001) , suggests that the CVC could be an evolutionary precursor to the recycling endosomal system in other eukaryotes Harris et al., 2001) .
In a previous proteomic and bioinformatic study of the CVC of T. cruzi, we identified a number of proteins that have roles in trafficking, among them SNARE 2.1 and SNARE 2.2, VAMP1 (an ortholog of mammalian VAMP7), AP180 and the small GTPases Rab11 and Rab32 (TcCLB.506289.80) (Ulrich et al., 2011) . Rab proteins mediate tethering of incoming vesicles to the correct target organelle through cycling between a GDP-bound inactive and a GTP-active form (Zerial and McBride, 2001) . They have also been implicated in vesicle budding and in the interaction with cytoskeletal elements (Zerial and McBride, 2001) . Different Rab GTPases are localized to different organelles, and this represents an important determinant of the identity of each organelle (Bright et al., 2010; Munro, 2002; Pfeffer, 2001; Seabra and Wasmeier, 2004; Turkewitz and Bright, 2011) . Rab32 and its close homolog Rab38 are predominantly expressed in cells that produce lysosome-related organelles (LROs), such as melanocytes and platelets (Bultema et al., 2012) , and it has been suggested that these Rabs could be the specificity factors that work in concert with the ubiquitous trafficking machinery to direct transport toward LROs (Bultema et al., 2012) . It has been proposed that LROs arise through the delivery of specific cargoes from the early endosomal network, comprising sorting and recycling endosomes (Delevoye et al., 2009; Raposo and Marks, 2007) .
T. cruzi possesses organelles that have similarities to LROs of mammalian cells, known as acidocalcisomes (Docampo et al., , 1995 Docampo and Moreno, 2011) . Like LROs of human platelets (Ruiz et al., 2004; Smith et al., 2006) and mast cells (Moreno-Sanchez et al., 2012) , acidocalcisomes have rounded morphology, are acidic, and are rich in Ca 2+ , pyrophosphate (PP i ) and polyphosphate ( polyP). In addition, adaptor protein complex-3 (AP-3), the system known to be involved in the transport of membrane proteins to LROs of mammalian cells (Theos et al., 2005) , is also involved in the biogenesis of acidocalcisomes (Besteiro et al., 2008; Huang et al., 2011) . Interestingly, electron microscopy analyses have previously provided evidence of the fusion of acidocalcisomes to the CVC of T. cruzi and D. discoideum (Marchesini et al., 2002) . Also, under hyposmotic stress, acidocalcisomes fuse to the CVC, which results in translocation of an aquaporin [T. cruzi (Tc)AQP1] . In this work, we demonstrate that the expression of dominant-interfering TcRab32 mutants alters osmoregulation, acidocalcisome morphology and content, as well as parasite infectivity. The results suggest that the CVC and TcRab32 participate in the trafficking of proteins involved in acidocalcisome biogenesis, and reaffirm the role of the CVC as a trafficking hub.
RESULTS
The localization in the CVC of TcRab32, a Rab usually associated with LROs (Bultema and Di Pietro, 2013) , suggests that the CVC, in addition to its role in osmoregulation, could be involved in the biogenesis of acidocalcisomes. We first confirmed the localization of TcRab32 in the CVC using specific antibodies and then investigated whether expression of dominant-negative TcRab32 affected osmoregulation and the biogenesis of acidocalcisomes. We analyzed the interaction between the organelles, as well as the enzymatic activities (vacuolar H + -pyrophosphatase and Ca 2+ -ATPase), composition and number of acidocalcisomes, and finally the relevance of this interaction for the infectivity of the parasites.
Localization of TcRab32 at different T. cruzi stages
We have reported previously that N-terminal tagging of TcRab32 with green fluorescent protein (GFP) results in fluorescent labeling of the CVC of epimastigotes and additional punctate staining (Ulrich et al., 2011) . We confirmed this localization by using indirect immunofluorescence analysis with specific affinity-purified antibody against TcRab32, which was raised in mice against the recombinant protein (supplementary material Fig. S1A ). Supplementary material Fig. S2A ,B shows that TcRab32 localized to the CVC of wild-type epimastigotes, trypomastigotes and amastigotes, as evidenced by the circular staining close to the flagellar pocket; additional punctate staining was also observed, especially in epimastigotes and trypomastigotes. Western blot analysis of parasite lysates, using the same antibody, revealed a band of ∼26 kDa, corresponding to the native protein (supplementary material Fig. S2C ). A double band was detected in amastigote lysates, indicative of some cross-reaction with another protein or post-translational modification that occurs at this life-cycle stage. Control experiments using pre-immune serum were negative. The CVC localization of GFP-TcRab32 was also confirmed by using immunogold electron microscopy and antibodies against GFP (supplementary material Fig. S2D ,E), which was negative when wild-type cells were used.
In vitro prenylation studies of TcRab32
TcRab32 possesses the sequence CSC at the carboxyl terminus (supplementary material Fig. S1B ), and it is known that Rab prenylation at cysteine residues of the carboxyl end retains Rabs at membranes (Jean and Kiger, 2012) . To examine whether TcRab32 is geranylgeranylated, we performed in vitro prenylation experiments (Fig. 1A) using recombinant TcRab32 as substrate in the presence of a cytosolic epimastigote extract as the source of prenyltransferases. When tritiated geranylgeranyl pyrophosphate ([ 3 H]GGPP) was used as the isoprenoid donor, His-tagged TcRab32 was efficiently geranylgeranylated as shown by the labeled band of 42 kDa that was detected, corresponding to the His-tagged protein.
The intensity of the prenylated band was strongest at 30 min, the optimum incubation time. Conversely, when tritiated farnesyl pyrophosphate ([ 3 H]FPP) was used as the donor, we were unable to detect prenylation of recombinant TcRab32 (data not shown). Therefore, TcRab32 is specifically geranylgeranylated. Previous studies of recombinant T. cruzi protein geranylgeranyl transferase I (GGTI) using a panel of mammalian and yeast protein substrates report that two mammalian Rab-family GTPases containing the C-terminal CXC sequence do not serve as substrates for this enzyme, as expected (Yokoyama et al., 2008; Nepomuceno-Silva et al., 2001) . Accordingly, Prenylation Prediction Suite (PrePS) predicts that geranylgeranyl transferase II (GGTII) is the enzyme involved in the prenylation of this protein.
Localization of TcRab32 mutants
To examine the role of the prenylation motif in the targeting of TcRab32 to cell membranes, we generated mutants in which alanine replaced the cysteine residues at the prenylation motif, and we studied the effect of this mutation on the localization of the protein. The geranyl-geranyl tails of Rabs tether the proteins to cell membranes and help to restrict free diffusion through the cytoplasm (Rak et al., 2003) . In transfected T. cruzi epimastigotes, GFP-TcRab32 mainly localized to the CVC (Fig. 1B) , as reported previously (Ulrich et al., 2011) , although it also showed some localization to the perinuclear endoplasmic reticulum (ER), which is probably a product of its overexpression, whereas the prenylation mutant GFP-TcRab32C241A/C243A exhibited cytosolic localization (Fig. 1C) . We also engineered an expression plasmid encoding a TcRab32 mutant that mimics the GDP-bound form (dominant-negative, TcRab32T24N) (Fig. 1D) . In transfected T. cruzi epimastigotes, the dominant-negative GFP-TcRab32 exhibited cytosolic localization, which included localization to the cytoplasm along the flagellum. Taken together, these results indicate that TcRab32 localizes to the membrane of the CVC in a GTP-and geranylgeranyl-dependent manner. The morphology of the CVC remained unaffected when the mutant proteins were expressed. We confirmed tagging of the mutant proteins using western blot analyses (Fig. 1E) . The anomalous migration of the GFP-TcRab32 prenylation-motif mutants could be due to lack of prenylation or other post-translational modifications of this protein in the absence of prenylation (Beranger et al., 1994) .
Colocalization of GFP-TcRab32 with VP1 under osmotic stress
It has been reported that mammalian (Tamura et al., 2009) and Xenopus (Park et al., 2007) Rab32 partially localizes to melanosomes, which are LROs. We therefore investigated whether TcRab32 partially co-localizes with the acidocalcisome marker vacuolar proton pyrophosphatase (V-H + -PPase, VP1). We did not observe any substantial overlap between the labeling of VP1 and GFPTcRab32 under isosmotic conditions ( Fig. 2A) . The observed additional punctate staining of GFP-TcRab32 could correspond to endosomes. However, under hyposmotic (Fig. 2B) or hyperosmotic ( Fig. 2C) conditions, we observed that staining of VP1 overlapped with that of GFP at the CVC region, in agreement with the previously reported fusion of these organelles under osmotic stress Rohloff et al., 2004) . The lack of colocalization between GFP-TcRab32 and the acidocalcisome marker under isosmotic conditions could be attributed to the dynamic nature of the interaction between these two organelles. These results were confirmed by analyses using cryo-immunogold electron microscopy. After hyposmotic stress, it was possible to detect colocalization of VP1 staining and GFP-TcRab32 in the contractile vacuole bladder and in the tubules of the spongiome (Fig. 2D,E) .
We have previously reported that GFP-tagged VAMP1 (the ortholog of mammalian VAMP7, here on referred to as TcVAMP7) localizes to the contractile vacuole bladder of epimastigotes that have been submitted to osmotic stress (Ulrich et al., 2011) . Immunogold electron microscopy analyses of GFP localization also revealed labeling of the spongiome, flagellar pocket, small vesicles and plasma membrane (supplementary material Fig. S3A,B) . No labeling was observed when wild-type cells were used. Correct tagging of the protein was demonstrated using western blot analysis (supplementary material Fig. S3C ). We now report that when tagged with GFP at its C-terminus, TcVAMP7-GFP localizes predominantly to the acidocalcisomes, as revealed by its colocalization with VP1 ( Fig. 3A) and by using cryo-immunogold electron microscopy (Fig. 3B ). TcVAMP7-GFP also weakly labeled the CVC, as shown by using immunofluorescence analyses (Fig. 3D) . When the cells were submitted to hyposmotic stress, an increase in TcVAMP7-GFP labeling of the CVC was observed (Fig. 3C,E,F) , and once regulatory volume decrease (RVD) had been completed, acidocalcisome labeling predominated again (Fig. 3G) , suggesting transient fusion of both organelles. Live-cell microscopy analyses of epimastigotes that expressed TcVAMP7-GFP and were labeled with BODIPY-ceramide ( Fig. 3H,I ; supplementary material Movies 1 and 2) shows how, after hyposmotic stress, acidocalcisomes that had been labeled with TcVAMP7-GFP make contact with the CVC, reinforcing the hypothesis that these two organelles interact and exchange proteins.
Additional evidence of contact of acidocalcisomes with the CVC complex under osmotic stress By using electron tomography to examine the CVC under hyposmotic stress, we observed an organized network of interconnected tubules (spongiome) that was attached to the central vacuole or bladder ( Fig. 4A ), confirming previous results (Girard-Dias et al., 2012) . Reconstruction of the whole volume of the organelle by using serial electron tomography showed that the CVC was surrounded by acidocalcisomes, which were identified by their remaining electron-dense content that was observed along the depth of each organelle ( Fig Response of dominant-negative Rab32 mutants to hyposmotic and hyperosmotic stress Fusion of acidocalcisomes to the CVC is important for the response of the parasites to osmotic stress . We therefore investigated whether epimastigotes that expressed dominantnegative GFP-TcRab32 were deficient in their response to hyposmotic and hyperosmotic stresses. Wild-type epimastigotes and epimastigotes expressing GFP-TcRab32 or the dominantnegative mutant were subjected to hyposmotic stress, and their RVD was measured using the light-scattering technique, as described previously (Niyogi et al., 2014) . Dominant-negative mutants were less able to recover their volume after hyposmotic stress than wildtype cells, whereas recovery was faster in GFP-TcRab32-expressing cells (Fig. 5A ), probably as a result of overexpression of this protein. When subjected to hyperosmotic stress, epimastigotes expressing dominant-negative TcRab32 shrank less, whereas cells expressing GFP-TcRab32 shrank more than control cells (Fig. 5B) , and in all cases, they did not recover their volume during the time of the experiment, as has been reported before .
Deficient acidocalcisome biogenesis and function in cells expressing dominant-negative TcRab32
VP1 is a marker of acidocalcisomes in T. cruzi, and its activity was investigated in digitonin-permeabilized epimastigotes by measuring the uptake of Acridine Orange, which was induced by the addition of PP i . The decrease in fluorescence, after a delay that was due to plasma membrane permeabilization, indicated increasing vacuolar acidity (Fig. 6A ). The vacuolar pH was neutralized, and Acridine Orange was released by the K + /H + exchanger nigericin. The initial rate of PP i -induced acidification was greatly decreased in epimastigotes expressing dominant-negative GFP-TcRab32 (Fig. 6A) .
Acidocalcisomes are capable of taking up Ca 2+ using a plasmamembrane-type Ca 2+ -ATPase (PMCA) (Lu et al., 1998) . Ca 2+ uptake by digitonin-permeabilized epimastigotes was measured using Calcium Green-5N (Fig. 6B ). The initial rate of Ca 2+ uptake was greatly decreased in cells that expressed dominant-negative GFP-TcRab32 (Fig. 6B ). Ca 2+ was released by the addition of nigericin (Fig. 6B ). Ca 2+ uptake under these conditions measures not only Ca 2+ uptake by acidocalcisomes but also by the sarcoplasmic-endoplasmic reticulum-type Ca 2+ -ATPase (SERCA). We therefore evaluated whether cells expressing dominant-negative GFP-TcRab32 were deficient in acidic Ca 2+ content. In previous work with T. cruzi epimastigotes, we noticed that epimastigotes were deficient in esterases that were able to hydrolyze Fura-2/AM, which is commonly used to detect Ca 2+ pools in live cells, but this was not the case with infective stages (Docampo et al., 1993; Moreno et al., 1992) . We therefore loaded amastigotes that had been obtained by differentiation of wild-type epimastigotes and epimastigotes expressing dominant-negative GFP-TcRab32, as described in Materials and Methods, and examined their acidic Ca 2+ content using ionophores, as reported previously (Moreno et al., 1992) . Addition of ionomycin to Fura-2-loaded amastigotes in Ca 2 + -free medium (with the addition of 100 µM EGTA) resulted in Ca 2+ release from neutral or alkaline compartments because ionomycin binds to essentially no Ca 2+ below pH 7.0 and it cannot carry Ca 2+ out of acidic compartments. However, further addition of nigericin, which alkalinize acidic compartments, resulted in a greater release of Ca 2+ (Fig. 6C) . If the order of addition was reversed, nigericin caused a transient increase in Ca 2+ , which was greatly increased after ionomycin addition (Fig. 6D) . The amount of Ca 2+ released by the combination of ionomycin and nigericin was considerably lower in cells expressing dominant-negative GFP-TcRab32 (Fig. 6C,D) , suggesting that the acidocalcisomes of these mutant cells contain less Ca 2+ . Most PP i and polyP in trypanosomes accumulate in acidocalcisomes Docampo and Moreno, 2011) . It is unknown whether PP i is taken up from the cytosol or synthesized inside acidocalcisomes, whereas synthesis of polyP is through the activity of polyP kinases, such as that formed by the vacuolar transporter chaperone (VTC) complex Ulrich et al., 2014) . This is a complex of at least two subunits in trypanosomatids, VTC1 and VTC4, both of which localize to the membrane of acidocalcisomes, and VTC4 is the catalytic subunit Ulrich et al., 2014) . We hypothesized that if TcRab32 is important for the biogenesis of acidocalcisomes, these organelles will have a reduced ability to synthesize these compounds, and this is what we found. Expression of the dominantnegative form of TcRab32 led to a significant reduction in the levels of short-chain polyP (∼80%) (Fig. 6E ) and PP i (∼50%) (Fig. 6F ). There was, however, no significant change in the content of long chain polyP (>300 up to 700-800 phosphate units) (Fig. 6G) , suggesting that only the activity of the VTC complex, which is mainly involved in the synthesis of short-chain polyP Ulrich et al., 2014) , is affected in these mutants. The results were further verified by visualization of short-chain polyP that had been extracted from the above cell lines, resolved by urea-PAGE and stained with Toluidine Blue (Fig. 6H ).
Changes in acidocalcisome electron-density and the number of cells expressing dominant-negative GFP-TcRab32
In previous work (Mendoza et al., 2002; Urbina et al., 1999) , electron microscopy techniques have been used to demonstrate that treatment of fixed trypanosomes with yeast pyrophosphatase results in loss of the electron-density of acidocalcisomes, as observed in whole unstained cells, suggesting that PP i (complexed with cations) is the main electron-dense material in these organelles (Urbina et al., 1999) . In agreement with the considerable decrease in PP i and short chain polyP content in epimastigotes expressing dominant-negative GFP-TcRab32, we detected an increase in the presence of empty and dilated vacuoles in intact unstained epimastigotes expressing the mutant protein by using direct transmission electron microscopy (compare Fig. 7A,B) . There was also a substantial reduction in the number of acidocalcisomes per cell (Fig. 7B,G) . Of the cells expressing the dominant-negative protein, 84% had empty dilated vacuoles ( Fig. 7H ) with an average of ∼10 empty vacuoles per dominant-negative cell. Similar results were obtained with trypomastigotes (compare Fig. 7C,D) and amastigotes (compare Fig. 7E,F) expressing dominant-negative GFP-TcRab32.
Cells expressing dominant-negative GFP-TcRab32 have reduced growth and infectivity
The growth rate of the epimastigotes expressing dominant-negative GFP-TcRab32 was reduced as compared to that of control epimastigotes expressing GFP alone (Fig. 8A) .
To study the infectivity of cells expressing dominant-negative GFP-TcRab32, we fully differentiated them into cell-derived trypomastigotes, as described in Materials and Methods. Invasion of culture cells with parasites expressing dominant-negative 5 . Effect of TcRab32 mutation on the parasite response to hyposmotic and hyperosmotic stress conditions. Epimastigotes were pre-incubated in isosmotic buffer for 3 min and then subjected to hyposmotic (final osmolarity=150 mosm/l) (A) or hyperosmotic (final osmolarity=650 mosm/l) (B) stress. Monitoring absorbance at 550 nm by light scattering was used to follow the relative changes in cell volume. As compared with wild-type cells (WT), cells expressing dominant-negative GFP-TcRab32 (DN) failed to fully recover their volume after hyposmotic stress and shrank less after hyperosmotic stress, whereas cells expressing GFP-TcRab32 (GR) recovered their volume faster after hyposmotic stress and shrank more after hyperosmotic stress. Values are means±s.d. of three independent experiments. Asterisks indicate statistically significant differences, P<0.05 (Bonferroni's multiple comparison 'a posteriori' test of one-way ANOVA), at all time points after the induction of osmotic stress (after 4 min).
GFP-TcRab32 was substantially reduced as compared with that of controls that had been infected with parasites transfected with GFP alone or with wild-type parasites (Fig. 8B,C) . Cytosolic localization of cells expressing dominant-negative GFP-TcRab32 was maintained when epimastigotes were differentiated into trypomastigotes and intracellular amastigotes (supplementary material Fig. S4 ). These results suggest a role for TcRab32 in infectivity.
DISCUSSION
We show here that expression of a dominant-negative form of the GTPase TcRab32 results in alterations in the morphology and content of acidocalcisomes, and in a deficient response to osmotic stress, growth in vitro and invasion of host cells. The results suggest that the CVC, where TcRab32 is located, is involved in the biogenesis and function of acidocalcisomes.
We have reported previously that GFP-tagged TcRab32 localizes to the CVC of T. cruzi epimastigotes (Ulrich et al., 2014) . We now confirm those observations using antibodies against the protein and find it distributed in the CVC at different stages of the parasite life cycle, with additional punctate staining in epimastigotes and trypomastigotes. Dominant-negative GFP-TcRab32 or the TcRab32 protein lacking the prenylation motif, however, have a cytosolic localization, indicating that localization to the CVC is geranylgeranyl-and GTP-dependent. Dominant-negative TcRab32 mutants might act by blocking or reducing the function of endogenous TcRab32 by competing or sequestering Rab32 effector proteins.
TcRab32, like other Rab32 proteins, contains amino acid sequences that are shared with only a small number of other Rab sequences (Hirota and Tanaka, 2009 ). For example, threonine in the WDTAGQE sequence (GTP binding site), which is conserved in almost all Rab proteins, is replaced by isoleucine (WDIAGQE). A similar replacement is found in Rab38 and Rab29/Rab7L1 of mammalian cells, in RabE from D. discoideum (Hirota and Tanaka, 2009) and in Tetrahymena thermophila Rab32 (Bright et al., 2010) , but there are no orthologs of any of the other Rabs in T. cruzi (Berriman et al., 2005) . TcRab32 also possesses three amino acids -Gly-75, Gln-76 and Val-80 -that are only conserved in the switch II region of Rab32 and Rab38 alone and not in any of the other 58 Rabs of mammalian cells (Tamura et al., 2011) . Val-80 is required for binding of mammalian Rab32 to its effector VPS9-ankyrin-repeat means±s.e.m. of three independent experiments. Asterisks in A,B,D indicate that differences were significant (P<0.05). In panel C, the difference was marginal (P<0.07). Extracts from epimastigotes expressing dominant-negative GFP-TcRab32 (DN) showed ∼80% reduction in short-chain polyP levels (E) and ∼50% reduction in PP i levels (F) with no significant changes in long-chain polyP levels (G) in comparison with wild-type (WT) or GFP-TcRab32-expressing epimastigotes (GR). Values are means±s.e.m. of three independent experiments. *Differences are statistically significant as compared with respective controls, P<0.05 (0.041, DN versus GR, and 0.031, DN versus WT for E; 0.028, DN versus GR, and 0.003, DN versus WT for F) (Student's t-test). (H) Extracts of shortchain polyP produced by epimastigotes expressing GFP-TcRab32 (GR) or dominant-negative GFP-TcRab32 (DN). Two samples were resolved by using urea-PAGE and visualized using Toluidine Blue. ORG represents migration of Orange G dye. Bands corresponding to short-chain polyP of different lengths are shown as a series of bands in the lower part of the gel; these bands had lower intensities in lanes corresponding to the dominant-negative mutant (two samples) in comparison with those of cells transfected with GFP-TcRab32 (GR) and of control wild-type cells (WT) (two samples).
protein (Varp)/Ankrd27, and this interaction is important for trafficking of tyrosinase-related protein 1 to melanosomes (Tamura et al., 2011) . By contrast, TcRab32 [as well as T. thermophila Rab32 (Bright et al., 2010) ] has a phenylalanine residue at amino acid position 194 instead the alanine residue in mammalian Rab32 (supplementary material Fig. S1B ). This alanine is an anchoring determinant for regulatory subunit IIα (RIIα subunit) of protein kinase A and is responsible for mammalian Rab32 interaction with mitochondria (Alto et al., 2002) . In agreement with those studies, we found that TcRab32 does not associate with mitochondria in colocalization experiments using Mitotracker (data not shown). Interestingly, other authors have also been unable to confirm the association of human Rab32 with the mitochondria of COS cells (Hirota and Tanaka, 2009) , and T. thermophila Rab32 associates with the phagolysosomal system (Bright et al., 2010) .
Rab proteins participate in membrane trafficking events that involve membrane fusion, fission and motility. Although our data do not distinguish between these events, the localization of TcRab32 in the CVC, as well as the deficient morphology and content of acidocalcisomes upon expression of its dominant-negative form, suggests that the CVC acts as an equivalent to the early endosomes of mammalian cells where TcRab32 functions as a tether to facilitate cargo loading into fused vesicles (Bultema and Di Pietro, 2013) . The fusion of CVC with acidocalcisomes would facilitate the exchange of membrane proteins between the organelles, such as translocation of TcAQP1 from acidocalcisomes to the CVC , or of membrane enzymes and transporters involved in acidification, as well as Ca 2+ transport from the CVC to the acidocalcisomes. In support of this hypothesis, in previous studies we have presented the results of electron microscopy analyses showing the localization of VP1 ) and a Ca 2+ -ATPase (Lu et al., 1998 ) in large vacuoles of T. cruzi, which were comparable in the size and the location of the CVC. The fact that acidocalcisomes exhibited deficiencies in the transport of H + and Ca 2+ in epimastigotes expressing dominant-negative GFP-TcRab32 is compatible with deficiencies in the transfer of these proteins to the organelles. Our electron tomography results provide direct evidence of contact of acidocalcisomes with the CVC under osmotic stress. Transient colocalization of VP1 with GFP-TcRab32 under hyposmotic and hyperosmotic stress, and the transfer of TcVAMP7-GFP from acidocalcisomes to the CVC under hyposmotic stress support those results. CVC-located TcRab32 is likely to function as a tether in order to attract acidocalcisomes, facilitating fusion that is mediated by the CVC SNAREs (Ulrich et al., 2011) and the acidocalcisome TcVAMP-7, leading to an exchange of proteins. This model is consistent with that in the mammalian system, where Rab32 effector In order to quantify the phenotype of empty vacuoles, by using transmission electron microscopy, we examined 50 random wild-type parasites, 'C', and parasites expressing the dominant-negative protein (DN), and counted the number of parasites with empty vacuoles for each. In comparison with wild type, we found that there was a significant increase in the percentage of parasites with empty vacuoles when they expressed dominant-negative TcRab32. *Differences between control and the dominant-negative protein are statistically significant, P<0.05. Scale bars: 2 µm (A,B); 1 µm (C-F).
proteins interact with VAMP7 (a vesicle SNARE protein that is involved in vesicle fusion; Tamura et al., 2011 Tamura et al., , 2009 ) and the δ-subunit of the AP-3 complex (Martinez-Arca et al., 2003 ) (a complex known to be involved in the biogenesis of acidocalcisomes; Besteiro et al., 2008; Huang et al., 2011) . Other proteins could be involved in these interactions. For example, myosin heavy chain (myosin VI and myosin VII), which is an actin-based motor, has been detected in proteomic analyses of the CVC of T. cruzi (Ulrich et al., 2011) . In humans, myosin VC is an effector of Rab32, and is involved in melanosome biogenesis and in the trafficking of integral membrane proteins to the melanosome (Bultema et al., 2014) .
Our results are also in agreement with a role for acidocalcisomes in osmoregulation. Fusion of acidocalcisomes with the contractile vacuole, and the concomitant hydrolysis of polyP has been postulated to lead to an increase in phosphate and cations in the bladder, resulting in water accumulation Rohloff and Docampo, 2008) . These changes are likely to be accompanied by the transfer of a phosphate transporter and cation exchangers (Ulrich et al., 2011) from the acidocalcisome membranes, together with TcAQP1 , providing the means for water accumulation (through TcAQP1), as well as for the return of cations (cation exchangers) and phosphate (P i transporter) to the cytosol after water elimination . Our results are consistent with several possible interactions, including unloading of the acidocalcisome content into the CVC, moving proteins from acidocalcisomes to the CVC and remodeling of acidocalcisomes through the transfer of proteins from the CVC to acidocalcisomes.
In conclusion, we propose that the CVC is a trafficking hub that is not only involved in the transfer of GPI-anchored proteins to the plasma membrane (Niyogi et al., 2014) but is also a specialized endosomal system that can be used to deliver membrane proteins that are important for the biogenesis of acidocalcisomes.
MATERIALS AND METHODS

Cell culture
Epimastigotes from T. cruzi were cultured in liver infusion tryptose (LIT) medium containing 10% fetal calf serum at 28°C. T. cruzi epimastigotes that had been transfected with GFP-TcRab32, dominant-negative GFPTcRab32 or GFP-TcRab32C241A/C243A, as well as GFP-TcVAMP7 and TcVAMP7-GFP, were maintained in the presence of 250 µg/ml geneticin (G418). Human foreskin fibroblasts (HFF) were grown in low glucose Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% Cosmic Calf Serum (HyClone) and 0.1% L-glutamine. Vero cells were grown in RPMI supplemented with 10% fetal bovine serum. L 6 E 9 myoblasts were grown in high glucose DMEM supplemented with 10% fetal bovine serum. Host cells were maintained at 37°C with 5% CO 2 . Tissue-culture-derived trypomastigotes were obtained from Vero cells that had been infected with metacyclic trypomastigotes from stationary cultures of parasites that expressed TcGFP, GFP-TcRab32 and dominant-negative GFP-TcRab32. T. cruzi amastigote and trypomastigote forms were collected from the culture medium of infected myoblasts using a modification of the method of Schmatz and Murray (Schmatz and Murray, 1982) , as described previously (Moreno et al., 1994) . We determined the growth of epimastigotes by measuring the change in optical density at 600 nm in a Gilford spectrophotometer with a starting culture of 4.5×10 6 epimastigotes.
Chemicals and reagents
Fetal bovine serum, Dulbecco's PBS and Hank's solution, 4′,6-diamidino-2-phenylindole (DAPI), DMEM and RPMI media, paraformaldehyde, bovine serum albumin and protease inhibitors were purchased from Sigma (St Louis, MO). Restriction enzymes were purchased from New England BioLabs (Ipswich, MA). pCR2.1-TOPO cloning kit, 1 kb plus DNA ladder, rabbit antibodies against GFP and Gene Tailor Site-Directed Mutagenesis System were from Invitrogen (Life Technologies, Grand Island, NY). In vitro infection assay HFF or irradiated myoblasts (6×10 5 cells per well) were equally distributed in a 12-well plate on a sterile coverslip in their respective growth medium (as mentioned above) and were incubated for 24 h at 37°C under a 5% CO 2 atmosphere. The following day, the cells were washed once with Dulbecco's Hanks' solution, and 6×10 6 wild-type trypomastigotes or trypomastigotes expressing GFP, GFP-TcRab32 or dominant-negative GFP-TcRab32 were added to each well (10 trypomastigotes per myoblast or HFF), and they were incubated for 4 h at 37°C under a 5% CO 2 atmosphere. To decrease the chances of contamination of cell-derivedtrypomastigotes with extracellular amastigotes, collections of parasites were centrifuged and incubated at 37°C for 2 h to allow trypomastigotes to swim to the surface. The supernatant was collected and used for subsequent invasion assays. Next, the parasites were removed from the plate, and the infected cells were washed extensively with Dulbecco's Hank's solution and fixed for immunofluorescence assays. For attachment and internalization assays, recently internalized parasites, and parasites that were caught in the process of invasion, were included and manually counted in at least 200 DAPI-stained cells in three independent experiments. The percentage of infected cells and the average number of parasites per infected cell were determined.
Immunofluorescence and western blot analyses
For immunofluorescence microscopy, parasites were fixed in PBS, pH 7.4, with 4% paraformaldehyde, adhered to polylysine coverslips and permeabilized for 3 min with PBS, pH 7.4, containing 0.3% Triton X-100. Permeabilized cells were quenched for 30 min at room temperature with 50 mM NH 4 Cl and blocked overnight with 3% BSA in PBS, pH 8.0. Samples were incubated with both primary and secondary antibodies for 1 h at room temperature. Coverslips were mounted by using mounting medium containing DAPI at 5 µg/ml for staining DNA-containing organelles. For imaging of intracellular parasites, mammalian cells were seeded onto sterile coverslips in 12-well culture plates and allowed to grow for 24 h. To semi-synchronize the infection, we added the parasites at a ratio of 10:1 ( parasite:host cell) for 4 h, washed the cells to eliminate extracellular parasites and then fixed them in cold methanol for 30 min. The dilutions used for primary antibodies were as follows: mouse anti-Rab32 (1:200); rabbit polyclonal anti-GFP (1:500); polyclonal rabbit against T. brucei VP1 (1:250) (Lemercier et al., 2002) and monoclonal rabbit against T. cruzi VP1 (1:250). Differential interference contrast (DIC) and direct fluorescence images were obtained by using an Olympus IX-71 inverted fluorescence microscope with a Photometrix CoolSnapHQ charge-coupled device (CCD) camera driven by Delta Vision softWoRx3.5.1 (Applied Precision, Issaquah, WA). Images were deconvolved for ten cycles using the same software and applying the 'noise filter' at 'medium' mode. This is automatic deconvolution software and was applied to all channels; brightness and contrast were the same in all channels. The figures were composed by using Adobe Photoshop 13.0.5×64 (Adobe System, Inc., San Jose, CA).
BODIPY-ceramide labeling and live cell-imaging
Epimastigotes overexpressing TcVAMP7-GFP were collected by centrifugation in the exponential phase of growth and resuspended at a density of 1×10 7 parasites/ml in LIT medium containing 5 µM of BODIPY-TR C 5 ceramide (Invitrogen). After 1 h of incubation at 28°C, the cells were collected by centrifugation at 1600g and washed twice in PBS, pH 7.4. Labeled epimastigotes were then placed onto glass-bottomed petri dishes that had been previously treated with polylysine. Cells were allowed to settle in the dish for 2 min, and loose parasites were washed away with isosmotic buffer (Jimenez and Docampo, 2012) . Live-cell imaging was started in isosmotic conditions at 1 frame/s, and after 30 s hyposmotic buffer was added to the cells to reach a final osmolarity of 117 mosm/l. Cell swelling and recovery was captured for 5 min. Imaging was performed using an Olympus IX-71 inverted fluorescence microscope, as described above.
Generation of dominant-negative and prenylation-motif TcRab32 mutants, and transfection Dominant-negative (GFP-TcRab32T24N) and prenylation-motif mutant (GFP-TcRab32C241A/C243A) forms of TcRab32 were constructed using site-directed mutagenesis by the use of the Gene Tailor Site-Directed Mutagenesis System. This method involved methylating the TOPO bluntend vector containing the coding sequence for TcRab32 with DNA methylase at 37°C for 1 h, followed by amplification of the plasmid in a mutagenesis reaction with two overlapping primers, forward, TcRab32T24N Forw: 5′-GTGAGGGAGGCACGGGGAAAAACTG-3′ and reverse, TcRab32T24N Rev: 5′-TTTCCCCGTGCCTCCCTCACC-AATGA-3′ (for dominant-negative mutants); and forward, TcRab32 C241A/C243A Forw: 5′-AAGAAAAGTCGGGCGCCTCCGCTTAA-3′ and reverse, TcRab32 C241A/C243A Rev 5′-GGAGCAGCCCGA-CTTTTCTTCCCGTC-3′ (for prenylation mutants) of which the forward primer had the target mutation, resulting in the mutation of amino acid threonine to asparagine (dominant negative), or cysteine to alanine ( prenylation-motif mutant). Mutations were confirmed by sequencing (Yale DNA Analysis Facility, Yale University, New Haven, Connecticut). After transformation, the resulting plasmids in TOPO were digested with restriction enzymes BamHI and HindIII. The circular pTEX-N-GFP vector was linearized by the corresponding restriction enzymes. Finally, TcRab32T24N, and TcRab32C241A/C243A inserts were ligated to pTEX-N-GFP followed by transformation. The plasmids pTEX-GFPTcRab32T24N/ C241A/C243A were sequenced to confirm that the correct reading frames were used. T. cruzi Y strain epimastigotes were transfected in cytomix (120 mM KCl, 0.15 mM CaCl 2 , 10 mM K 2 HPO 4 , 2 mM EDTA, 5 mM MgCl 2 , pH 7.6) containing 50 μg of the plasmid construct in a 4-mm cuvette. The cuvette was cooled on ice for 10 min and pulsed three times (1.5 kV, 25 μF) with a Gene Pulser Xcell™ (Bio-Rad), and expression of GFP-fusion proteins was verified by western blot analyses. Stable cell lines were established under drug selection with G418 at 250 μg/ml. Enrichment of GFP-fluorescent parasites was performed with a high-speed cell sorter when needed (MoFlo Legacy; Beckman-Coulter, Hialeah, FL).
Generation of TcVAMP7-overexpressing parasites
TcVAMP7 tagged at the N-terminal with GFP constructs were generated as previously described (Ulrich et al., 2011) . For tagging of the C-terminal with GFP, the TcVAMP7 open reading frame (ORF) was amplified from genomic DNA from CL-strain parasites with primers forward 5′-GAATT-CATGGCCATTATATCATCTTTTGTT-3′ and reverse 5′-AAGCTTTTT-TTTGCACTTTTTAAAATC-3′. The ORF, flanked by EcoRI and HindIII restriction sites, was cloned into TOPO blunt vector, sequenced and subcloned into pTREX-GFP vector. Transfection of epimastigotes with linearized pTREX-VAMP7-GFP was performed as described above. Parasites were selected with G418 at 250 μg/ml to obtain a stable population overexpressing TcVAMP7-GFP.
Cell volume measurements
T. cruzi epimastigotes (wild type and those expressing GFP-TcRab32 or dominant-negative GFP-TcRab32) at log phase of growth (3 days) were collected at 1600 g for 10 min (at a density of 1×10 8 /ml), and volume measurement experiments after stress were performed exactly as described previously .
Recombinant protein expression, purification and antibody generation
The DNA sequence corresponding to the entire ORF of TcRab32 was PCR-amplified from T. cruzi Y strain gDNA (forward primer: 5′-GACGACGA-CAAGATGTCATACTCGAA-3′, reverse primer: 5′-GAGGAGAAGCC-CGGTTTAACAGGAGCAGCCCGAC-3′) and inserted into vector pET32 Ek/LIC using ligation-independent cloning for heterologous expression in bacteria. The sequence of several recombinant clones was verified, and they were transformed by heat shock into E. coli BL21 Codon Plus (DE3)-RIPL chemically competent cells. Expression of recombinant protein was obtained by induction in 0.5 mM isopropyl-β-Dthiogalactopyranoside (IPTG) in Luria Bertani (LB) broth overnight at 37°C. His-tagged recombinant protein was purified under denaturing conditions with His-Bind cartridges (Novagen). Recombinant TcRab32 was used as the immunogen for production of polyclonal antibody in mice. This antibody was generated at the Monoclonal Antibody Facility of the College of Veterinary Medicine, University of Georgia (Athens, GA).
In vitro prenylation
In vitro prenylation reactions were performed as described previously (Cuevas et al., 2005) Ca 2+ uptake by digitonin-permeabilized epimastigotes was measured using the fluorescence indicator Calcium Green-5N, as described previously (Huang et al., 2013) . Acidification of digitonin-permeabilized cells was followed by measuring the changes in the fluorescence of Acridine Orange in a fluorometer, as described previously (Docampo et al., 1995) . Differences in Ca 2+ and H + uptake were evaluated by measuring the rates of Ca 2+ or Acridine Orange uptake, respectively, during the first 20 s after uptake initiation (linear rate), and rates are expressed as changes in arbitrary fluorescence units.
Fura-2 measurements
Fura-2 determinations were performed, essentially, as described previously (Docampo et al., 1995) . Excitation was at 340 nm and 380 nm, and emission was at 510 nm. The Fura-2 fluorescence response to intracellular Ca 2+ concentration was calibrated from the ratio of 340/380 nm fluorescence values after subtraction of 340/380 nm fluorescence of the cells at 340 and 380 nm, as described previously (Grynkiewicz et al., 1985) .
Quantification of PP i , and short-chain and long-chain polyP Cells (2×10 8 ) in log phase were harvested and washed twice with buffer A (116 mM NaCl, 5.4 mM KCl, 0.8 mM MgSO 4 , 50 mM Hepes, pH 7.2, and 5.5 mM glucose). The PP i and short-chain polyP were extracted using 0.5 M perchloric acid (HClO 4 ) (Ruiz et al., 2001) , and the long chain polyP was extracted using glass milk (Molecular Probes) as described previously (Ault-Riche et al., 1998) . PP i levels were determined by the amount of P i released upon treatment with an excess of Saccharomyces cerevisiae inorganic pyrophosphatase (catalog no. I-1891, Sigma). The free P i (released) amount was determined by using a standard curve. Briefly, the enzymatic reaction was performed on 96-well plates with 50 mM Tris-HCl ( pH 7.4), 6 mM MgCl 2 , inorganic pyrophosphatase and extracted PP i samples at a final volume of 100 µl. After incubation at 30°C for 10 min, the reaction was immediately stopped by the addition of an equal amount of the fresh mixture of three parts of 0.045% malachite green with one part of 4.2% ammonium molybdate (Sigma), which was filtered before use. The absorbance at 660 nm was read using a SpectraMax M2 e plate reader (Molecular Devices, Sunnyvale, CA).
Short-chain and long-chain polyP levels were determined by the amount of P i released upon treatment with an excess of the purified recombinant exopolyphosphatase of S. cerevisiae (rScPPX1) freshly purified in our laboratory (Ruiz et al., 2001) Short-chain polyP that had been extracted from 5×10 8 cells was mixed with 6× dye (0.01% Orange G, 30% glycerol, 10 mM Tris-HCl, pH 7.4, 1 mM EDTA) and resolved by using 20% urea-PAGE. Samples were run at 600 V, 6 mA overnight at 4°C until the Orange G had run through two-thirds of the gel. Gels were stained with 0.1% Toluidine Blue.
Transmission electron microscopy
For imaging whole epimastigote forms, cells were washed with filtered buffer A twice, and directly applied to Formvar-coated copper grids, allowed to adhere for 10 min, carefully blotted dry and then observed using a JEM-1210 electron microscope operating at 80 kV. Whole unfixed wildtype epimastigotes and epimastigotes expressing dominant-negative TcRab32 were randomly selected, and the number of acidocalcisome per cell was counted in 70 cells from two different preparations.
T. cruzi epimastigotes expressing GFP-TcRab32, GFP-TcVAMP7 or TcVAMP7-GFP were washed twice in 0.1 M sodium cacodylate buffer, pH 7.4, and fixed for 1 h on ice with 0.1% glutaraldehyde, 4% paraformaldehyde and 0.1 M sodium cacodylate buffer, pH 7.4. Samples were processed for cryo-immunoelectron microscopy at the Molecular Microbiology Imaging Facility, Washington University School of Medicine. GFP-fusion protein localization was detected with a polyclonal antibody against GFP (Invitrogen) and anti-rabbit IgG conjugated to gold as a secondary antibody.
Electron tomography 3D reconstruction
Cells were prepared as previously described (Girard-Dias et al., 2012) . Briefly, a pellet of cells was sandwiched between 3×0.5 mm aluminium carries (Bal-Tec, Liechtenstein) or inserted into 2-mm pieces of 200-µm Ø cellulose capillaries and frozen using a Bal-Tec HPM 010 high-pressure freezing machine (Bal-Tec, Liechtenstein). Freeze substitution was performed at −80°C for 72 h in a medium comprising acetone with 2% osmium tetroxide, 0.1% glutaraldehyde and 1% of water, using a Leica EMP apparatus. After substitution, samples were embedded in Epon. For electron tomography analyses, 200-nm sections or ribbons of serial sections were collected in 200 mesh copper grids or onto Formvar-coated slot copper grids and stained. Finally, the sections were coated with 5 nm of carbon and observed under a FEI G2 transmission electron microscope (Tecnai G2, FEI Company, Eindhoven) that was equipped with a 4 k×4 k CCD camera (Eagle, FEI Company, Eindhoven). Tilt series from −65°to +65°with an angular increment of 1°were acquired. Alignments were applied using fiducial markers, and weighted back projections were performed using IMOD software package (University of Colorado). For segmentation and data display, AMIRA (Visage Imaging) and IMOD were used.
